Intrinsic apoptosis involves BH3-only protein activation of Bax/Bak-mediated mitochondrial outer membrane permeabilization (MOMP). Consequently, cytochrome c is released from the mitochondria to activate caspases, and Smac (second mitochondriaderived activator of caspases) to inhibit XIAP-mediated caspase suppression. Dysfunctional mitochondria can be targeted for lysosomal degradation via autophagy (mitophagy), or directly through mitochondria-derived vesicle transport. However, the extent of autophagy and lysosomal interactions with apoptotic mitochondria remains largely unknown. We describe here a novel pathway of endolysosomal processing of mitochondria, activated in response to canonical BH3-only proteins and mitochondrial depolarization. We report that expression of canonical BH3-only proteins, tBid, Bim EL , Bik, Bad, and mitophagy receptor mutants of atypical BH3-only proteins, Bnip3 and Bnip3L/Nix, leads to prominent relocalization of endolysosomes into inner mitochondrial compartments, in a manner independent of mitophagy. As an upstream regulator, we identified the XIAP E3 ligase. In response to mitochondrial depolarization, XIAP actuates Bax-mediated MOMP, even in the absence of BH3-only protein signaling. Subsequently, in an E3 ligase-dependent manner, XIAP rapidly localizes inside all the mitochondria, and XIAP-mediated mitochondrial ubiquitylation catalyses interactions of Rab membrane targeting components Rabex-5 and Rep-1 (RFP-tagged Rab escort protein-1), and Rab5-and Rab7-positive endolysosomes, at and within mitochondrial membrane compartments. While XIAP-mediated MOMP permits delayed cytochrome c release, within the mitochondria XIAP selectively signals lysosome-and proteasome-associated degradation of its inhibitor Smac. These findings suggest a general mechanism to lower the mitochondrial apoptotic potential via intramitochondrial degradation of Smac.
The intrinsic mitochondrial apoptotic pathway is required for efficient chemotherapeutic killing of cancer cells, 1 and is initiated through BH3-only protein activation of Bax/Bakmediated mitochondrial outer membrane permeabilization (MOMP). MOMP releases cytochrome c to activate effector caspases. 2 Conversely, inhibitor of apoptosis protein (IAP) family members suppress initiator and effector caspases via direct binding and E3 ligase activities. [3] [4] [5] Consequently, MOMP-induced release of Smac (second mitochondriaderived activator of caspases) from the mitochondria, to inhibit XIAP (X-chromosome-linked IAP)-mediated caspase suppression, can be required for apoptosis. 6 Autophagy, a lysosomal degradative mechanism undergoing extensive crosstalk with cell death and survival pathways, 7 degrades damaged mitochondria in a process termed mitophagy. 8, 9 Damaged mitochondria are targeted by lysosomal degradation through the recruitment of autophagy receptors to the outer mitochondrial membrane (OMM), 8 or via delivery of mitochondrial-derived vesicles (MDVs) directly to the lysosome. 10 The E3 ubiquitin ligase Parkin targets and ubiquitylates mitochondria, mediating both MDV degradation 11 and autophagy receptor-dependent mitophagy. 12, 13 Alternatively, Fundc1 14 and atypical BH3-only Nip family proteins Bnip3 and Bnip3L/Nix localize to the OMM and act as mitophagy receptors via their LC3-interacting region (LIR). [15] [16] [17] [18] While targeting of damaged mitochondria suggests that mitophagy may counter apoptotic mitochondria, mitophagy occurs progressively over days, 12, 14, 16, 17, 19 a rate that is likely insufficient to alter intracellular propagation of mitochondrial apoptosis, which can occur within minutes. 20, 21 Indeed, Bnip3-and Fundc1-induced mitophagy have no direct effect on apoptosis, 14, 18 and we determined that Bnip3-mediated mitophagy was cytoprotective if activated before apoptosis. 17 While MDV delivery of mitochondria to lysosomes operates at a higher rate, minutes to hours, 10 this process is regulated by Parkin and restricted to specific mitochondrial components. 11 Overall, for most intrinsic apoptosis scenarios it remains unknown whether lysosomal processing of mitochondria influences their capacity to activate or enhance apoptosis.
Here, we used high-resolution imaging to evaluate the behavior of apoptosis, autophagy, lysosomal and ubiquitylation pathways in response to canonical (tBid, Bim EL , Bik, Bad) and atypical (Bnip3, Bnip3L/Nix) BH3-only protein expression. We report that, in parallel to intrinsic apoptosis signaling, canonical BH3-only proteins induce the recruitment of endolysosomal machinery, in the absence of mitophagy. We determined that mitochondrial depolarization rapidly translocates the caspase inhibitor XIAP to the mitochondria. There, XIAP actuates MOMP within all mitochondria, concomitant with ubiquitylation at the OMM and inside OMM-bound regions, and triggers ubiquitin-dependent recruitment of Rab5 and its binding partners, as well as late endosomes into the mitochondria. Consequently, in a manner dependent on lysosome-and proteasome-activities, XIAP degrades its inhibitor Smac. We propose that in response to bioenergetic stress, the functional integration between lysosomes and mitochondria, mediated by XIAP and independent of autophagy, offers a novel mechanism to modulate mitochondrial apoptosis.
Results
Canonical BH3-only proteins induce autophagyindependent endolysosomal entry into the mitochondria. To activate specific mitochondrial apoptosis programs, we expressed fluorescent protein-tagged canonical activator (tBid, Bim EL ) and inhibitor (Bad, Bik), 22, 23 and atypical (Bnip3 and Nix) 24 BH3-only proteins. To elucidate events upstream and downstream of MOMP, we used caspase-3-deficient MCF7 breast cancer cells 25 lacking caspases 3-8 feedback amplification of apoptosis 26 and inhibition of autophagy. 27 To assess mitophagy induction, we investigated the colocalization of mitochondria with autophagy marker Atg8 proteins LC3B and GATE16. 28 As expected, at 48 h of expression mitochondria targeted by the atypical BH3-only proteins, red fluorescent protein (RFP)-Bnip3 and RFP-Nix, which contain an LIR mediating Atg8-dependent mitophagy, 16, 17 were positive for GFP-LC3B and GFP-GATE16, respectively ( Figure 1a ). In contrast, canonical tBid-RFP and RFP-Bim EL , examined at 24 h of expression owing to higher toxicity, did not induce mitochondrial sequestration by autophagosomes ( Figure 1a) .
Next, we examined the subcellular localization of the GTPase Rab7, an endolysosomal marker. 29 Mito-RFPlabeled control mitochondria did not colocalize with GFP-Rab7 (Figure 1b) . Surprisingly, in response to 24 h expression of tBid-RFP and RFP-Bim EL , GFP-Rab7 colocalized with the Tom20-immunolabeled mitochondrial compartment. At this time-point, wild-type (WT) RFP-Nix-targeted mitochondria did not colocalize with GFP-Rab7 (Figure 1b) , consistent with the slow induction of mitophagy by its homolog Bnip3. 17 However, Nix deleted for its LIR (RFP-NixDLIR) induced GFP-Rab7 accumulation with mitochondria at 24 h. Similar results were obtained for canonical RFP-Bad and RFP-Bik, and RFP-Bnip3 versus RFP-Bnip3DLIR (Figure 1b) .
Remarkably, high-resolution imaging suggested that mitochondria targeted by canonical or LIR-mutated atypical BH3-only proteins contained GFP-Rab7-positive vesicles inside OMM-bound regions (regions of interest (ROIs) of Figures 1b and d; plot profile in Supplementary Figure S3a) , unlike during mitophagy where autophagolysosomes are found surrounding mitochondria. To maximize axial resolution, Z-stacks acquired with 0.15 mm step sizes were acquired. Importantly, tBid-RFP fully localized to Tom20-labeled mitochondria ( Supplementary Figures S1a and b) . Within the threedimensional (3D) volume of a single tBid-targeted mitochondrion, a 1801 axial slice rotation of tBid-RFP, GFP-Rab7 and mitochondrial matrix-localized TRAP1 indicates the intramitochondrial concentration of GFP-Rab7 ( Supplementary  Figures S1c and d) .
Intramitochondrial localization of GFP-Rab7 vesicles within tBid-targeted mitochondria was further supported by profile analysis of N-SIM super-resolution microscopy images (Supplementary Figure S2) . Moreover, electron microscopy demonstrated that RFP-NixDLIR-and tBid-RFP-targeted mitochondria lacked the typical double-membraned engulfment observed with autophagy ( Figure 1c) . Instead, those BH3-only protein-targeted mitochondria displayed discontinuities of the OMM (open arrows), and contained electrondense vesicles (asterisks). Mitochondrial identity of these aberrant structures was verified by immunogold labeling of OMM protein Tom20. Detection of immunogold-labeled GFPRab7 (closed arrows) inside the OMM further supported mitochondrial entry of Rab7.
Quantification of the subcellular fluorescence distribution revealed that approximately 50% of cellular GFP-Rab7 localized to tBid-or Bim EL -targeted mitochondria (Figure 1e ). Importantly, immunofluorescence (IF) staining demonstrated the accumulation of endogenous Rab7 at tBid-RFP-and RFP-Bim EL -targeted mitochondrial compartments, confirming pathway activation in the absence of Rab7 overexpression (Figure 1f and Supplementary Figure S3a) .
Taken together, the above findings suggest a pathway activating autophagy-independent endolysosomal vesicle entry into the mitochondria during canonical BH3-only protein-mediated mitochondrial apoptosis.
Canonical BH3-only proteins induce intramitochondrial endosomal trafficking. To determine the source and function of this pathway, we further investigated Rab GTPase regulation of membrane trafficking. Rab5 coordinates with Rab7 to regulate endosomal maturation. 30 In response to tBid-RFP expression, endogenous Rab5 concentrated inside the Tom20-immunolabeled mitochondrial compartment (Figure 2a and Supplementary Figure S3a) . Similarly, GFPfused tBid, Bim EL , Bad, Bik, NixDLIR and Bnip3DLIR, but not Bnip3 and Nix, induced the mitochondrial accumulation of RFP-Rab5 (Figure 2b ). Approximately 70% of cellular Rab5 translocated from the cytosol to tBid-GFP-and GFP-Bim ELtargeted mitochondria (Figure 2c ). The BH3-domain-inactive mutant tBid(G94E)-RFP 31 did not induce mitochondrial GFPRab5 recruitment (Figure 2d ). These findings suggest that mitochondrial recruitment of Rab5 is a general response to a canonical proapoptotic BH3-only protein stimulus, and occurs in the absence of LIR-mediated mitophagy.
Next, we explored the dynamics and mechanisms of endosomal recruitment to mitochondria. FRAP (fluorescence recovery after photobleaching) applied to RFP-tBid-targeted mitochondria revealed that GFP-Rab5 recovered in o1 min following bleaching (Figures 3a and b) , a rate slightly greater than non-mitochondrial GFP-Rab5-positive endosomes in control cells expressing mito-RFP (Figure 3b ). Within the same time period, bleached tBid-RFP inside the ROI did not recover (Figure 3a) , demonstrating that GFP-Rab5 recovery was due to active endosomal membrane trafficking rather than mitochondrial fusion. FRAP of GFP-Rab7 localizing to tBid-targeted mitochondria revealed a comparable, rapid recovery, slightly slower than GFP-Rab5 (Figures 3b and c) . Recoveries of Rab5 and Rab7 are consistent with previously reported recovery rates for early and late endosomes. 32, 33 Further, unlike WT GFP-Rab7, dominant-inactive GDP-bound GFP-Rab7(T22N) 29 did not localize to tBid-RFP-targeted mitochondria (Figure 3d ). Thus, endosomal membrane trafficking is actively engaged in mitochondria stressed by canonical BH3-only proteins.
As a targeting mechanism to direct trafficking to mitochondria, we investigated Rabex-5 (Rab5 guanine nucleotide exchange factor), 34 which can determine intracellular localization of Rab5 to specific membranes. 35 In response to tBid-RFP expression, endogenous Rabex-5 concentrated at mitochondria (Figures 3e and d) , and 3D rendering of individual mitochondria suggested its presence at the OMM and within inner mitochondrial compartments (yellow arrow). Also RFP-Rabex-5 appeared to localize at the OMM and inside OMM-bound regions of cells with tBid-GFP-and GFP-Bim EL -targeted mitochondria ( Figures  3f and g ). Notably, 3D rendering suggested that RFP-Rabex-5 and tBid-GFP were restricted to separate domains on the OMM (Figures 3e and f) , implying a biochemical transformation of the OMM.
As Rabex-5 can direct endosomal trafficking to specific cellular compartments, 35 we asked how its localization to mitochondria was regulated. Ubiquitylation regulates endosomal trafficking 36 and targets proteins and organelles for lysosomal degradation. 8, 13, 37 Rabex-5 contains a motif interacting with ubiquitin (MIU), which determines its recruitment. 38 RFP-Rabex-5(A58G), with a mutated MIU domain resulting in reduced ubiquitin binding, 39 did not localize to GFP-Bim EL -targeted mitochondria (Figure 3g ), suggesting that ubiquitylation-dependent recruitment of Rabex-5 regulates endosomal targeting of mitochondria.
Mitochondria targeted by canonical BH3-only proteins are ubiquitylated at the OMM and inside OMM-bound regions. To further test pathway regulation by ubiquitylation, we examined whether mitochondria are ubiquitylated in response to canonical BH3-only protein expression. Indeed, in RFP-Bim EL -expressing cells, GFP-ubiquitin 40 (GFP-Ub) colocalized with the circular Tom20-labeled OMM ( Figure 4a , solid arrow; Supplementary Figure S3a ). In addition, punctate GFP-Ub fluorescence was found inside OMM-bound Taken together, these findings suggest that canonical BH3-only proteins induce an initial OMM ubiquitylation (non-K63/-K48), followed by intramitochondrial K63 and K48 chaining, thus implicating pathway regulation by an apoptosis-associated ubiquitin ligase.
Intramitochondrial accumulation of endolysosomes is dependent on XIAP E3 ligase and triggered by mitochondrial depolarization. IAP family members can inhibit caspase activities by binding via baculovirus AIP repeat (BIR) domains, and through ubiquitin ligase activity.
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The most potent member, XIAP, 4,42 contains a RING (really interesting new gene) domain with E3 ligase activity required for antiapoptotic activity. 43 As XIAP was suggested to localize to mitochondria during apoptosis, 44 we examined its localization in response to BH3-only protein targeting of the mitochondria. RFP-Bim EL expression induced translocation of endogenous XIAP ( Figure 5a ) and GFP-XIAP (Figure 5b ) to the mitochondria, whereas in non-transfected cells XIAP remained diffuse in the cytosol.
As mitochondria become bioenergetically compromised as a major consequence of MOMP, 45 we asked whether XIAP translocation directly necessitates BH3 domain signaling, or rather, is a response to mitochondrial energetic stress. Therefore, we induced mitochondrial depolarization with the protonophore carbonyl cyanide m-chlorophenyl hydrazine (CCCP) in combination with XIAP overexpression. To further causatively link XIAP pathway activity with the mitochondrial recruitment of Rab5, we generated cell lines with shRNAs targeting XIAP. Approximately 30% of control shRNA cells displayed CCCP-induced mitochondrial RFPRab5. This higher response, compared with transient expression experiments, might originate from the use of puromycin for stable cell line maintenance. Importantly, both XIAP knockdown lines exhibited significantly decreased Rab5 entry into depolarized mitochondria (Figure 5g ).
XIAP E3 ligase activity is responsible for the ubiquitylation of depolarized mitochondria. As Rab5 translocation to depolarized mitochondria was XIAP-dependent, we asked if XIAP activates ubiquitylation of depolarized mitochondria. In response to CCCP, Vx3K0-GFP reported prominent K63 chaining specifically at RFP-XIAP-targeted mitochondria (Figure 6a ). Immunolabeling confirmed mitochondrial K63 chaining, and further evidenced prominent K48 chaining at RFP-XIAP-containing mitochondria (Figure 6b ). Moreover, endogenous Rabex-5 and RFP-Rabex-5 localized to depolarized mitochondria, whereas ubiquitin binding-deficient RFPRabex-5(A58G) showed no translocation (Figures 6c and d) . This suggests that XIAP ubiquitylates mitochondria upstream of endosomal entry. Additionally evidencing recruitment of endosomal trafficking machineries, RFP-tagged Rab escort protein-1 (Rep-1), which binds and transports Rab5 and Rab7, 46 and endogenous Rab7 were recruited to the mitochondria of XIAPexpressing, CCCP-treated cells (Figures 6e and f) .
XIAP action is distinct from Parkin-mediated mitophagy. Mitochondrial depolarization can activate the E3 ligase Parkin, which mediates mitophagy through ubiquitylation of OMM proteins and recruitment of autophagy receptors.
12,13,47 Thus, we directly compared XIAP action at mitochondria with Parkin-mediated mitophagy. Similar to our results with canonical BH3-only proteins (Figure 1) , but unlike what has been reported for Parkin, 12 CCCP treatment did not induce mitophagy in RFP-XIAP-expressing cells (Supplementary Figure S1a) . Conversely, RFP-Parkin overexpression did not induce mitochondrial recruitment of GFPRab5 in response to CCCP (Supplementary Figure S1b) . Moreover, CCCP in combination with RFP-Parkin expression resulted in K63 chaining at the OMM, as indicated by colocalization of Vx3K0-GFP with the circular Tom20-labeled OMM (Supplementary Figure S4c) , whereas CCCP-induced K63 chaining was observed as punctate foci inside OMMbound regions in RFP-XIAP-expressing cells (Figures 6a and  b) . Importantly, after 3 h of CCCP treatment, GFP-XIAP targeted Rab7 to the entire mitochondrial population (Figure 6d ), whereas few RFP-Parkin-targeted mitochondria were sequestered within GFP-Rab7-labeled autophagolysosomes (Supplementary Figure S1d) . Further, we excluded the possibility of Parkin participation in the XIAP-mediated pathway. Consistent with previous reports, 48 we found that MCF7 cells are deficient in Parkin expression (Supplementary Figures S4e and f) and pathway induction does not lead to detectable Parkin levels at the mitochondria. Collectively, our data show that XIAP-mediated mitochondrial processing is distinguished from Parkin action by several parameters. XIAP action is all-or-nothing within the entire population of mitochondria, versus the slower action of sequestration-dependent mitophagy. 13 Moreover, Parkin action was observed as spatially distinct from XIAP, acting solely at the OMM versus additional intramitochondrial targeting, respectively.
XIAP actuates Bax-mediated MOMP, independent of its E3 ligase activity. We next investigated the functional impact of XIAP-mediated mitochondrial processing on the apoptotic potential of mitochondria. CCCP alone or in combination with Parkin expression does not induce Bax activation. 49 In contrast and unique to RFP-XIAP-expressing cells, CCCP treatment induced mitochondrial coating with endogenous Bax in OMM regions lacking Tom20, and Bax clustering at Tom20-labeled-OMM discontinuities (Figure 7a ). These Tom20-void regions also localized with Rabex-5 (Figures 3e and 6d) , suggesting that endolysosomal entry into mitochondria integrates with the MOMP process. Interestingly, in cells expressing RFP-XIAP(F495L), deficient in ubiquitin transfer activity, 50 CCCP similarly induced mitochondrial Bax clustering (Figure 7b ), yet translocation of RFP-XIAP(F495L) to mitochondria was not observed. While CCCP-induced Bax activation was a hallmark feature of both WT and E3 ligase-mutated XIAP-expressing cells, important differences were observed between the release of cytochrome c and Smac from WT and mutant XIAP-targeted mitochondria. Remarkably, following CCCP treatment, endogenous cytochrome c was either fully retained in mitochondria containing RFP-XIAP and Bax clusters (Figure 7c ) or released and/or degraded (Figure 7d ). Similar heterogeneous results were obtained in response to RFP-XIAP(F495L) (Figure 7d ). However, quantification of total cellular cytochrome c revealed a range of cytochrome c levels following CCCP treatment, but no significant difference between WT and F495L XIAP (Figure 7e ). and XIAP(D148A), which is unable to bind and inhibit caspase-3. 52 Both XIAP(W310A) and XIAP(D148A) colocalized with mitochondrial compartments upon CCCP treatment (Figure 8c ). Resulting Smac degradation was equivalent between XIAP(D148A) and WT XIAP, whereas XIAP(W310A) exhibited significantly reduced Smac degradation (Figure 8c) . Note, in cells in which XIAP(W310A) permeabilized mitochondria, Smac was observed either as colocalized in the mitochondria with XIAP(W310A) or as released and not degraded (data not shown). Taken together, these data suggest that Smac degradation takes place within the mitochondria and is dependent on a direct interaction between XIAP and Smac.
Finally, we investigated the pathway mediating Smac degradation. One hour pretreatment with either the proteasomal inhibitor epoxomicin (Epox) or lysosomal inhibitor bafilomycin A1 (BafA1) both resulted in significantly increased levels of cytosolic Smac following CCCP treatment (Figure 8d) . Expression of the dominant-negative mutant Rab7(T22N) significantly increased Smac levels in cells with CCCP-induced mitochondrial RFP-XIAP (Figure 8e ), confirming the role for endolysosomal control of Smac degradation.
Discussion
Maintaining physiologic levels of apoptosis requires safeguards, namely prosurvival Bcl-2 member inhibition of MOMP, 2 and IAP suppression of caspase activities. 3, 5 Among IAP members, XIAP is the most potent at limiting caspase activation, through inhibitory binding at BIR domains 4, 42 and E3 ligase-mediated degradation. 43, 53 As such, mitochondrial activation and/or amplification of apoptosis necessitates Smac release and subsequent binding to BIR2 and BIR3 domains of XIAP to inhibit caspase activities. 6, 54 Here, we report a novel function for XIAP that directly targets the apoptotic capacity of mitochondria. Our findings demonstrate that a fraction of XIAP localizes at dysfunctional, preapoptotic mitochondria, actuating MOMP and endolysosomal entry into inner mitochondrial compartments, and reducing Smac levels through lysosomal and proteasomal activities. Our data indicate that XIAP-mediated processing of mitochondria is a multistep process. The activation of MOMP was independent of its E3 ligase activity, whereas E3 ligasedependent signaling was required for XIAP translocation to and entry into the mitochondria, endolysosomal entry and Smac degradation (Figure 8f) . These results integrate with past reports; during apoptosis XIAP binding of Smac can impede its release from the mitochondria 44 and XIAP can ubiquitylate mature Smac in vitro. 53, 55 As mitochondrial factors, including Smac, are required in vivo for Bid-mediated apoptosis, 6 we suggest that XIAP-mediated intramitochondrial degradation of Smac represents a novel apoptosis checkpoint, reducing the mitochondrial capacity for apoptosis activation and amplification.
The here-described mitochondrial action of XIAP is apparently independent of its direct caspase inhibitory function, as the caspase-binding mutant XIAP(D148A) targeted Smac to the same extent as WT XIAP. Furthermore, RING-bearing cIAP1, which does not directly inhibit caspases, 42 induced intramitochondrial K63 chains (Supplementary Figure S5a) . As the RING-less Survivin 42 did not translocate or affect mitochondrial K63 chaining (Supplementary Figure S5b) , mitochondrial targeting of depolarized mitochondria may be a general mechanism for RING-bearing IAP members. Further, as XIAP knockdown suppressed, but did not eliminate, the basal activation of endosomal entry into the mitochondria in response to CCCP, it remains to be determined whether this is due to the action of other IAP family members or whether the mitochondriatargeting capacity of XIAP is concentration-dependent. 44 Remarkably, canonical BH3-only proteins and LIR-mutated atypical BH3-only proteins, Bnip3 and Nix, induced this pathway, independent of mitophagy induction. Moreover, XIAP targeting of mitochondria was mechanistically distinct and operating independently from both Parkin-mediated mitophagy and mitophagy-independent delivery of intramitochondrial components via vesicular transport to lysosomes.
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While damaged mitochondria can be selectively scavenged by mitophagy, [8] [9] [10] the capacity of mitophagy to influence apoptosis is limited. Mitochondrial apoptosis transmits within a cell over minutes, 20, 21 yet mitophagy can require transcriptional upregulation, 14, 16, 17, 19 with mitochondrial elimination occurring progressively over days. [15] [16] [17] In contrast, here we demonstrate that, concurrent with reduced Smac levels, cytochrome c release was delayed in XIAP-and Bax-targeted mitochondria, indicating that XIAP can uncouple MOMP from apoptosis signaling, at least initially. Furthermore, the rapid nature of XIAP targeting of endolysosomes to the full As an upstream regulator during apoptosis and mitochondrial depolarization, our findings implicate the guanine nucleotide exchange factor Rabex-5. It was recently shown
Intramitochondrial activity of XIAP E3 ligase A Hamacher-Brady et al that acute targeting of Rabex-5 to mitochondria efficiently corecruits Rab5 in a rapid (B10 min) manner. 35 Notably, using this described 35 forced localization of Rabex-5 to mitochondria was not sufficient to activate MOMP (data not shown). Of note, mitochondria targeted by canonical BH3-only proteins, or XIAP under conditions of CCCP, showed increased diameters (Supplementary Figure S3c) . We focused our analysis on larger individual mitochondria (as shown in ROIs), which enabled us to conclude localization confidently, at and within the mitochondria. Future in-depth studies using super-resolution and EM imaging will be required to delineate the specific interactions and kinetics of endolysosomal machineries and MOMP activities.
Overall, our data reveal an increased complexity to lysosomal crosstalk with the apoptosis regulatory machinery during bioenergetics stress. Of note, a recent study reported that XIAP rapidly activates MOMP, and consequently apoptosis, in response to loss of extracellular matrix signaling, 56 suggesting that this pathway might be regulated in both a prosurvival and prodeath manner. Moreover, as bioenergetic stresses can occur during ischemic injury 57 and are rapidly propagated within mitochondrial populations through calcium and oxidative signaling, 58, 59 future work will address the functionality of mitochondriatargeted XIAP before and during apoptosis, as well as the capacity of XIAP to precondition cells before apoptosis induction.
Materials and Methods Materials. Cell culture reagents were obtained from Invitrogen (Darmstadt, Germany), Sigma (Steinheim, Germany), Lonza (Walkersville, MD, USA) and PAN Biotech (Aidenbach, Germany). Electron microscopy-grade paraformaldehyde was obtained from EMS (Hatfield, PA, USA). BafA1 was purchased from Enzo Lifesciences (Lörrach, Germany). DMSO was from Genaxxon Biosciences (Ulm, Germany). Epox and CCCP were obtained from Merck Millipore (Darmstadt, Germany).
Plasmids. Human cIAP1, Rabex-5, Rep-1, Survivin and XIAP were cloned as N-terminal tagRFP fusion proteins. Human Bad, Bim EL , Rab5 and XIAP were cloned as N-terminal GFP fusion proteins. Canine Rab7 was cloned as an N-terminal mCherry fusion protein. Human tBid, cleavage site Asp-60, was cloned as C-terminal mCherry and GFP fusion proteins and tBid(G94E), cleavage site Asp-75, was cloned as a C-terminal mCherry fusion protein. Parkin from the mCherry-Parkin (Addgene, Cambridge, MA, USA; plasmid 23956) was subcloned as tagRFP-Parkin. Additional protein expression vectors were used as described previously: GFP-Bik (Addgene; plasmid 10952), GFP-Ub (Addgene; plasmid 11928), Vx3K0-GFP (Addgene; plasmid 35527), WT and T22N GFP-Rab7. 29 Mito-GFP/RFP, GFP-LC3B, GFP-GATE-16, WT and DLIR mCherry-Nix and mCherryBnip3 were as described previously. 16, 17 In text and figure legends, tagRFP and mCherry are both referred to as RFP. Indicated mutants were generated by sitedirected mutagenesis.
Cell Culture and lentivirus-mediated gene knockdown. Human MCF7 breast (Cell Line Services, Eppelheim, Germany) and embryonic kidney 293T cell lines were maintained in DMEM supplemented with 10% FBS, L-glutamine, non-essential amino acids and penicillin/streptomycin/amphotericin B. For lentiviral gene knockdown, pLKO.1 shRNA was generated against human XIAP target sequences: 5 0 -AGCTGTAGATAGATGGCAATA-3 0 (XIAP-1) and 5 0 -GCACTCCAACTTCTAATCAAA-3 0 (XIAP-2). pLKO lentiviral vectors containing shRNA were transfected into 293T cells together with psPAX2 (packaging vector) and pMD2.G (VSV-G envelope protein expression vector) using calcium phosphate transfection (Sigma). MCF7 cells were infected with virus-containing supernatants at 50% confluence and cells selected and maintained with puromycin (Sigma; 1 mg/ml). Once plated for experiments, cells were kept in puromycin-free medium.
Gene expression and drug treatments. Transient transfections were performed using jetPRIME transfection reagent (Peqlab, Erlangen, Germany). Experiments were performed at 24 or 48 h of expression, as indicated. All treatments with CCCP, Epox and/or BafA1 were performed in fully supplemented cell culture medium.
Immunostaining. MCF7 cells were plated in 8-well microscopy m-slides (ibidi, Munich, Germany), transfected and treated as indicated, and imaged live or following paraformaldehyde (PFA) fixation (4% PFA in PBS, pH 7.4). For N-SIM experiments, cells were plated in 8-well, glass-bottom m-slides (170 mm, ibidi). For visualization of endogenous proteins, fixed cells were permeabilized with 0.3% Triton X-100 in PBS and blocked with 3% BSA. Cells were then incubated with primary antibodies against cytochrome c (Santa Cruz Biotechnology, Santa Cruz, CA, USA; no. sc-13156), Parkin (Santa Cruz Biotechnology; no. sc-32282), Rabex-5 (Santa Cruz Biotechnology; no. sc-68344), Smac/DIABLO (Santa Cruz Biotechnology; no. sc-22766), Tom20 (Santa Cruz Biotechnology; no. sc-11415 or no. sc-17764), TRAP1 (Novus Biologicals, Littleton, CO, USA; no. NB300-555), ubiquitin, K48-linkage-specific (Merck Millipore; no. 05-1307), or ubiquitin, K63-linkage-specific (Merck Millipore; no. 05-1308) at room temperature for 1 h, or with Rab5 (Cell Signaling; no. 3547), Rab7 (Cell Signaling, Beverly, MA, USA; no. 9367) or XIAP (Santa Cruz Biotechnology; no. sc-55551) antibodies at 4 1C overnight. Fluorescent staining was performed for 30 min at room temperature using highly cross-absorbed Alexa Fluor 405, 488, 546 or 647 secondary antibodies (Invitrogen).
Widefield fluorescence imaging. Widefield fluorescence microscopy was performed with a DeltaVision RT microscope system (Applied Precision, Issaquah, WA, USA) using a Â 60 oil immersion objective. Z-stacks of representative cells were captured with 0.3 mm increments and deconvolved (Softworx, Applied Precision). A subset of Z-stacks were captured at 0.15 mm step increments, as indicated in text. Image analysis and preparation was performed using ImageJ (http://rsbweb.nih.gov/ij/) and Fiji (http://fiji.sc/Fiji). Displayed images of representative cells are total intensity projections of Z-stacks, or single slices, as indicated in text. Single-color channels are shown in inverted gray scale for enhanced visibility of details. Pseudocolors in merged color images correspond to font colors of protein labels within single-color images. IF of endogenous proteins is indicated within single-color images by 'IF', to discriminate from detection of fluorescent protein-tagged proteins. 3D surface renderings of ROI were prepared using the ImageJ 3D Viewer plugin. In 3D surface renderings displaying three-color channels, blue Tom20-IF is set at 50% transparency.
Quantifications of fluorescence microscopy data. Quantification of population responses. At 24 h of expression, cells were treated for 3 h with CCCP (20 mM), fixed and immunostained with a-Tom20 to visualize OMM. Per condition, Z100 cells were scored for mitochondrial translocation of RFP-XIAP or RFPRab5, in three independent experiments.
Quantification of Rab5 and Rab7 distribution: From Z-stacks, single cells were cropped for analysis by ImageJ. Binary masks for each slice within Z10 representative Z-stacks per condition in three independent experiments of (i) Tom20-labeled mitochondria and (ii) fluorescent protein-tagged Rab5 or Rab7 were generated by image segmentation. Slice-by-slice colocalization of mitochondrial and endosome masks were calculated using the Boolean AND function. All slices for each binary stack were summed, and the ratio of area calculated from mitochondrially localized Rab over total endosomal Rab is reported as a cellular fraction.
Quantification of XIAP translocation: From Z-stacks, single cells were cropped for analysis by ImageJ. Binary masks for each slice within Z-stacks of (1) total cell area and (2) mitochondrial XIAP were generated by image segmentation. Masks were used to calculate slice-by-slice cellular and mitochondrial XIAP, respectively. All slices for each stack were summed, and the ratio of total mitochondrial XIAP to total cellular XIAP fluorescence is reported.
Quantification of cellular cytochrome c and Smac levels: Images were acquired using the Z-sweep function to capture total cellular fluorescence within a single image, using identical exposure settings. Identical cytosolic areas within CCCPtreated cells, with and without WT or mutant XIAP expression, were analyzed. Per cell, cytosolic regions were measured for total cytochrome c or Smac intensity. Per condition, the ratio of cytochrome c/Smac levels in cells with expressing XIAP cells versus cytochrome c/Smac levels in non-transfected cells was calculated. Per condition, 430 representative cells were analyzed, from at least three independent experiments. Data were plotted using http://plot.ly.
Fluorescence recovery after photobleaching. FRAP experiments were performed with a Leica SP5 Laser Scanning Confocal Microscope (Leica Microsystems, Wetzlar, Germany) equipped with a Â 60 oil immersion objective. At 24 h after transfection, a region of tBid-RFP-targeted mitochondria was bleached of GFP and RFP fluorescence using maximal intensity 488 nm laser. Fluorescence recovery of bleached mitochondria was monitored every 10 s for 190 s and ROIs were analyzed using Leica LAS AF Lite software (Leica Microsystems). Recovery values were normalized and plotted using http://plot.ly.
Super-resolution microscopy. Super-resolution microscopy was performed using a Nikon-structured illumination microscope (N-SIM; Nikon Imaging Center, Heidelberg, Germany). Images were acquired on a Nikon Ti inverted microscope (Nikon, Düsseldorf, Germany), using 488 and 561 nm laser excitation, and a Nikon Apo TIRF Â 100 NA 1.49 oil immersion objective (Nikon). Z-stacks were collected at 0.15 mm steps, reconstructed using NIS-Elements (http:// www.nikoninstruments.com), and analyzed using Fiji.
Electron microscopy. MCF7 cells were transfected with the indicated plasmids and at 24 h (tBid, mito-RFP) or 48 h (Nix, NixDLIR) after transfection, fixed and prepared for cryosectioning as detailed in Ghosh et al. 60 Thawed cryosections were labeled with antibodies against mRFP 61 (kind gift from Dr. Barbara Mueller, Institute of Infectious Diseases, University of Heidelberg, Heidelberg, Germany), GFP (Clontech, Mountain View, CA, USA), or Tom20 (Santa Cruz Biotechnology; no. sc-11415) as detailed in Slot et al. 62 Protein A coupled to 10 nm gold particles was purchased from the University of Utrecht, Utrecht, The Netherlands. Images were acquired at 25 000 to 40 000 magnification with a Zeiss EM10 electron microscope (Zeiss, Oberkochen, Germany) equipped with a CCD digital camera, and images prepared with ImageJ.
Western blotting. MCF7 whole-cell lysates were prepared with RIPA lysis buffer (Millipore, Temecula, CA, USA) containing Complete protease inhibitor cocktail (Roche, Mannheim, Germany). Protein concentrations were determined using Coomassie reagent (Sigma). Samples were electrophoresed using Bis-Tris NuPAGE gels (Invitrogen) and proteins were transferred to nitrocellulose using the iBlot dry blotting system (Invitrogen). Immunodetection was performed using antibodies against b-actin (GeneTex, Irvine, CA, USA; no. GTX26276) and XIAP (Santa Cruz Biotechnology; no. sc-55551). Horseradish peroxidase-conjugated secondary antibodies (Cell Signaling) were used for digital chemiluminescence detection (Intas, Göttingen, Germany). Blot shown is representative of three independent experiments.
Statistical analyzes. The probability of statistically significant increases or decreases between conditions of at least three independent experiments was determined using the Student's t-test. Two-tailed, unpaired t-tests were performed. Values are expressed for bar graphs as mean ± S.D. Box plots show individual data points, median values and whiskers indicate range of data points. Statistical significances and number of measurements are indicated in each figure.
